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Single molecule observationWe focus on the rotational catalysis of Escherichia coli F-ATPase (ATP synthase, FOF1). Using a probe with low
viscous drag, we found stochastic ﬂuctuation of the rotation rates, a ﬂat energy pathway, and contribution of
an inhibited state to the overall behavior of the enzyme. Mutational analyses revealed the importance of the
interactions among β and γ subunits and the β subunit catalytic domain. We also discuss the V-ATPase,
which has different physiological roles from the F-ATPase, but is structurally and mechanistically similar.
We review the rotation, diversity of subunits, and the regulatory mechanism of reversible subunit dissocia-
tion/assembly of Saccharomyces cerevisiae and mammalian complexes. This article is part of a Special Issue
entitled: 17th European Bioenergetics Conference (EBEC 2012).
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The proton-translocating ATP synthase (F-ATPase) has been a
focus of bioenergetics research for more than ﬁve decades because
it is responsible for synthesis of most of the main cellular energy cur-
rency ATP (for reviews, see [1–6]). Studies of F-ATPase started on the
processes of oxidation phosphorylation in mitochondria and photosyn-
thesis in chloroplasts. The ATP synthase of Escherichia coli was later in-
troduced to the ﬁeld after it was recognized that the fundamental
mechanism of biological energy transformation was similar among all
organisms. The bacterial system quickly became an important focus in
the ﬁeld because of its accessibility to genetic manipulations and bio-
chemical approaches. Early on, we were able to isolate a gene cluster
encoding all of the F-ATPase subunits on a λ transducing phage [7].
This progress provided uswith a key tool to study its structure–function
relationships and mechanism [8].
The F-ATPase is formed from two sectors, the catalytic F1 complex
and the transmembrane proton translocation FO complex. The E. coli
enzyme has the subunits and stoichiometry that are common to almost
all F-ATPases: ﬁve different subunits in F1 (α3β3γδε) and three different
subunits in the FO (ab2c10) (Fig. 1a, b). In the F1, the homologousα andβ
subunits have identical folds and three copies of each alternate in a
pseudo-hexameric ring. The steady state catalytic mechanism for ATPopean Bioenergetics Conference
, Shiwa, Iwate 028-3694, Japan.
rights reserved.synthesis and hydrolysis requires all three catalytic sites, which are
located in the β subunits at each β–α interface. In the FO, protons
are transported via the conserved carboxylic acid on each c subunit
(cAsp61 in E. coli as shown in Fig. 1b, and almost always a glutamate
in other species) and conveyed through a transmembrane water
channel at the interface between a and c subunits [4].
The multi-subunit architecture enables F-ATPase to couple the
chemical reaction of ATP synthesis or hydrolysis to proton transloca-
tion in a highly efﬁcient manner. A key component of the efﬁciency is
the highly cooperative interactions among the three catalytic sites.
These interactions were a critical part of the catalytic mechanism ﬁrst
proposed by Paul Boyer, who coined the “Binding Change Mechanism”,
which involved rotational movement as a part of steady state catalysis
[1]. This catalytic model predicts that each catalytic site is in a different
state at any one time. As expected, the ﬁrst high resolution structure of
an F1 complex, that from bovine heart mitochondria solved by Abra-
hams et al. [9], showed that the threeβ subunitswere in fact in different
conformations, referred to as βTP, βDP and βE, with the catalytic sites oc-
cupied by ATP (actually the non-hydrolyzable analog AMPP-N-P), an
ADP–azide complex, or devoid of nucleotide, respectively [9,10]. The
conformational asymmetry was related to the enzyme mechanism by
a series of biochemical approaches including reconstitution of α3β3γ
complex from amixture ofwild-type andmutant subunits [11], labeling
with nucleotide analogs [12], chemical cross-linking between β and γ
subunits [13], cryoelectron microscopy [14], and other approaches [1].
The γ subunit was found to play a critical role in the F1 complex
asymmetry as well as in the catalytic mechanism. The γ subunit rota-
tion as a part of the steady state catalyticmechanismwas demonstrated
by single molecule approaches using bacterial F1 from thermophilic
Fig. 1. Subunit organization of proton pump ATPases. Subunit organization of the F-ATPase holoenzyme (a), F-ATPase FO sector (b) and the V-ATPase (c) is shown. The membrane
extrinsic catalytic sectors (F1 or V1) and themembranous transport sectors (FO, VO) are indicated by the brackets. Catalysis, subunit rotation and proton transport are shown schematically.
Various isoforms of V-ATPase subunits are shown with their speciﬁc mammalian localization. Those not indicated are ubiquitous in all known examples.
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dent rotation of the E. coli γεc10 subunit complex was shown in the
F-ATPase holoenzyme in a puriﬁed state [17], in the native membrane
[18], or in reconstituted liposomes [19]. These landmark experiments
demonstrated that both the catalytic and transport mechanisms op-
erate by rotational mechanisms and that the rotor complex consists
of ε, γ and c10, while the stator consists of α3β3δab2. The membranous
a subunit portion of the stator is linked to the soluble catalytic α3β3
complex by the peripheral stem made up of two copies of b and one δ
subunits.
In contrast to the F-ATPases of mitochondria, chloroplasts and
bacteria, the proton pumping vacuolar-type ATPases (V-ATPases)
are found in the endomembrane organelles such as the vacuoles, lyso-
somes, endosomes and Golgi apparatus, as well as the plasma mem-
brane. The V-ATPase subunit structure and mechanism are similar
to the F-ATPase and also couple steady state catalysis of ATP hydrolysis
to proton translocation by a rotational mechanism (for review, see
20–23). Rotation in the V-ATPase was demonstrated by direct observa-
tion of single molecules using ﬂuorescently decorated actin ﬁlaments
attached to the rotor subunits much in the same manner as was the
F-ATPase [24].
The basic structure of the V-ATPase is reminiscent of the F-ATPase
(Fig. 1c) with the V1 and VO sectors corresponding to F1 and FO. The
A3B3 hexamer is the catalytic assembly in V1 and DFd c-ring is the
rotor complex including subunits in both the soluble catalytic portion
and the transmembrane transport portion. There are also many dif-
ferences between the V- and F-ATPases [21] which can be appreciated
in the recent 9.7 Å resolution map of the Thermus themophilus ATP
synthase [25]. Although the Thermus enzyme is an A-ATPase (Archae
ATPase), it is more closely related to the V-ATPase in subunits and
structure. Different from the F-ATPase, some of the mammalian V-
ATPase subunits have two to four isoforms, which are believed to con-
fer different energy coupling ratios, targeting to speciﬁc organellemembranes, or differences in the ability to reversibly disassemble
and assemble [20–23]. Because of the variability of the isoformmake-
up and the dynamic nature of the complex, investigators have been
challenged in elucidating the diverse roles and mechanisms of the
V-ATPase in mammalian cells.
In this article, we discuss recent progress on the single molecule
studies of the proton pumping ATPase focusing on the stochastic
properties of the F-ATPase. The results from singlemolecule experiments
in comparison with those from bulk phase approaches have elucidated
interesting characteristics of the behavior of the molecular motor com-
plexes. We also review the properties of the startling diversity of the
V-ATPase subunits and its unique regulatory mechanism of reversible
dissociation/reassembly. Because of length limitations, we refer the
reader to many excellent reviews (see [1–5,26,27]) on the F- and
V-ATPases for discussions on other aspects of these rotary machines.
2. Rotational catalysis and transport in the F-ATPase
2.1. F-ATPase architecture and rotational catalysis
The catalytic site in each β subunit likely passes through at least
three major conformations during the rotational catalytic cycle.
These conformations are probably similar to the three conformers of
the β subunit, βTP, βDP and βE as revealed by the ﬁrst X-ray structures
of bovine mitochondria F1 [9]. The conformational changes are appar-
ently coupled with γ subunit rotation, as the three β conformers in-
teract with different faces of the rotor subunit. The position of the γ
subunit at least deﬁnes the conformation, although there is evidence
that the catalytic sites can achieve different conformations in the ab-
sence of the γ subunit in the thermophilic Bacillus enzyme [28].
Critical residues in the F-ATPase catalytic sites areβLys155,βThr156,
βGlu181 and βArg182 (E. coli numbering) [5,6] (Fig. 2a). These residues
are located at the hinge domain as indicated in Fig. 2b. βLys155 and
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Fig. 2. The catalytic site and hinge domain of F-ATPase. a. Catalytic site of the F-ATPase. The positions of critical amino acids in the three catalytic site conformers,βTP, βDP and βE (E. coli
numbering). b. The structure of the hinge domain. The structures of the hinge domains (P-loop/α-helix-B/loop/β-sheet-4) are shown for the βE and βTP conformers. Amino acids involved
in catalysis and those studied by mutagenesis are indicated. c. Mutational analysis of the hinge domain. Relationship between the combined energy value of the hinge region and
the rotation rate (left) or the catalytic dwell time (right). The combined energy values were calculated from the interaction energy of residue pairs β159–β163, β163–β174 and
β167–β174. Data for wild-type (wild); βS174F (F), βM157A/βS174F (AF), βM159I/βS174F (IF) and βM159W/βS174F (WF) are shown.
Modiﬁed from Nakanishi-Matsui et al. [72].
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and βThr156 is essential for coordinating the Mg2+ ion [30,34].
βGlu181, located near the ATP γ-phosphate in βTP, is the likely catalytic
residue and forms a hydrogen bond with a water molecule critical for
chemistry [9,31]. βGlu185 and αArg376 of the α subunit are essential
for the cooperative interactions between the active sites [35,36]. The
positive cooperativity of F-ATPase entails the tremendous acceleration
of ATP hydrolysis rates upon binding of ATP at lower afﬁnity to the
second and more so the third catalytic sites. Enzymes without these
amino acid side chains lack the enhancement of ATP hydrolysis rates
upon binding of ATP to the lower afﬁnity sites.
αArg376 is unique in the catalytic sites in that it is located next to
the ATP γ phosphate and Mg2+ in the βDP and βTP conformers of the
crystal structure [9]. We assessed the role of αArg376 in the ATP reac-
tion and concluded that it is important for conformational communica-
tion among the three catalytic sites but does not play a direct role in
catalyzing ATP hydrolysis or synthesis [36]. Rather αArg376 appears
to maintain the high nucleotide and inorganic phosphate afﬁnity in
βDP until the appropriate kinetic step for ADP and Pi release. Other in-
vestigators came to different conclusions that αArg376 plays a critical
role in catalysis in a manner thought to be analogous to the “arginine
ﬁnger” of GTPases [37–39] and is involved in stabilization of the catalyt-
ic transition state by contributing to coordination of the phosphate
groups [40]. Based in part on these results, these authors argue thatthe βDP site is the site that carries out catalysis of ATP hydrolysis be-
cause the guanidinium moiety of αArg376 is closer to the ATP phos-
phate groups and is in position to stabilize the catalytic transition
state. However, our results are not consistent with this model because
we found that substitution of αArg376 did not affect the ability of
the enzyme to carry out reversible hydrolysis/synthesis of ATP
bound to the high afﬁnity site. Furthermore, our pre-steady state
kinetic analysis of the cooperative ATP reaction shows that reversible
hydrolysis/synthesis occurs even during steady state ATP hydrolysis
and is therefore a part of the cooperative mechanism [41]. Our kinetic
data could only be ﬁt to a mechanism that involves all three catalytic
sites where the βTP carries out reversible hydrolysis/synthesis, βDP
retains ADP+Pi until the site converts to the βE conformation when
products ﬁnally dissociate, and βE binds ATP as it is converted to
βTP (Fig. 3).
It is noteworthy that the residue located near the substrate in the
catalytic site is not always involved directly in the chemistry.
It is likely that the V-ATPase has a similar catalytic site and mech-
anism because the equivalents of the F-ATPase βLys155, βThr156,
βGlu181, βArg182 and βGlu186 are conserved in the V-ATPase cata-
lytic A subunit. These residues are part of the consensus “P-loop” se-
quence Gly-X-X-X-X-Gly-Lys-Thr and the Gly-Glu-Arg-X-X-Glu
sequence (the catalytically important residues conserved in the F
and V-ATPases are underlined) [20–23].
Fig. 3. The F-ATPase rotational catalytically active and inhibited states. a. The F-ATPase reaction pathway. The reaction pathway was deﬁned by the pre-steady state kinetic analysis
of Scanlon et al. [41,67]. Rotating enzyme proceeds along the active pathway to “ADP+Pi” release through kγ or to the inhibited state through kinh. b. Schematic model of rotational
catalysis in the three β subunits. Positions of the γ subunit are schematically shown for each intermediate. The ATP-binding dwell (waiting for ATP binding), and catalytic dwell
(ATP⇔ADP+Pi) are shown.
Modiﬁed from Sekiya et al. [57].
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the γεc10 rotor complex against the stator (α3β3δab2), as described
above. Protons are conducted via a water channel formed between
the a and c subunits [4] (Fig. 1b). The number of c subunits in the
c-ring appears to vary depending on the species: based on crystal
structures, the mammalian mitochondria F-ATPase have eight sub-
units [42], the yeast, E. coli and Bacillus PS3 complexes have 10 c sub-
units [43–45], while Propionigenium modestum [46], chloroplast [47]
and Spirulina platensis [48] have 11, 14 and 15, respectively. The c
subunit stoichiometry is signiﬁcant because the number of subunits
should correspond to those of protons transported per 360° rotation
and thus deﬁnes the proton/ATP coupling ratio. For example, because
three ATP are synthesized or utilized per 360° rotation (or one ATP
per 120° rotation step; [41]), complexes with 10 c subunits should
have a coupling ration of 3.3 H+/1 ATP. We discuss below how the co-
operative catalytic mechanism allows for a constant energy input
from transport throughout the rotational cycle rather than at speciﬁc
catalytic steps.
2.2. Subunit rotation related to catalysis and transport
Fluorescent actin ﬁlaments were the ﬁrst markers used to monitor
rotation of the γε subunits of F1, or the γεc10 complex in the F-ATPase
holoenzyme. The ﬁlaments (1–3 μm in length and 0.5 nm thick) were
attached to γ or other rotor subunits, but the observed rotation
speeds were generally less than 10 rps (revolutions per second),
which is signiﬁcantly lower than the expected rotation rate estimated
from bulk phase ATPase activity. The rotation rate of F-ATPase or F1
estimated from steady state ATPase activity in the same Vmaxconditions should have been ~30 rps, assuming that three ATP hydro-
lyzed per 360° rotation. The length of the actin ﬁlaments was usually
more than 100-fold the F1 diameter of ~10 nm [16]. The lengthy
probe invoked a high viscous drag on the rotation and may also have
interactedwith the glass surface towhich the enzymewas immobilized.
To analyze the stochastic behavior of the rotational catalytic
mechanism, we decided that the probes should impart low viscous
drag to minimize experimental artifacts. To test this, we observed
ATP-dependent rotation using gold beads of various deﬁned sizes
attached to the γ subunit in a speciﬁc location via a modiﬁed cysteine
[49]. The F1 or F-ATPase with an attached gold bead was immobilized
on the glass surface of a ﬂow cell (30 μmdepth), and placed under the
objective. Images of beads illuminated with laser light were observed
by dark ﬁeld microscopy and recorded with an intensiﬁed charge
coupled device camera at a frame rate (1000–8000 frames per second)
adequate to capture the rotational behavior in Vmax conditions. Impor-
tantly, we also controlled the assay temperature by a thermoplate
attached to the objective, and the actual temperature was measured
by a thermistor placed in the immersion oil between the objective
and ﬂow cells.
The average rotation rates of 80, 100 and 200 nm beads were ~300,
~250 and ~100 rps, respectively, at saturating concentrations of ATP
[49]. These beads rotatedmuch faster than actin ﬁlaments but maximal
rotation rates were achieved with beads of 40 or 60 nm diameter.
The rotation rates of such beads, which still had diameters four or
six times larger than the enzyme diameter, were close in value
(~400 rps) and suggested that the observed rates were maximal
and similar to that of the γ subunit without an attached probe. We
concluded that 40 or 60 nm beads were suitable for analysis of the
1715M. Futai et al. / Biochimica et Biophysica Acta 1817 (2012) 1711–1721rotational behavior with minimal artifact from the experimental
system.
Interestingly, the 40 and 60 nm beads rotated about ten-fold faster
than that estimated from steady state ATP hydrolysis in bulk phase
solution. Similarly, a lower steady state ATPase activity of Bacillus
F-ATPase was also reported [50]. These results suggested that 90% of
the F1 molecules (about 50% of the F1 complexes had inhibitory ε sub-
unit bound; see below) were inactive or in an inactive state at any
given time [49]. An alternative hypothesis was the enzyme preparation
contained 90% inactive enzyme. As discussed below, this latter possibility
was unlikely. Comparison between the rotation speed and ATPase
activity has led us to consider the effects of the physiological condi-
tions on the rotation mechanism.
2.3. Rotation mechanism of the F1 ATPase
An obvious question is whether the Binding Change Mechanism
[1] adequately explains the observed rotational behavior of the γ sub-
unit. At ATP concentrations several orders of magnitude below the
Km for steady state ATPase, the thermophilic Bacillus γ subunit
pauses in distinct 120° steps during rotation at points that correspond
to the positions of three F1 β subunit catalytic sites [51,52]. The pause
duration was dependent on ATP concentration and was attributed to
the enzyme waiting for ATP binding to a catalytic site, thus, the pause
was deﬁned as an “ATP waiting” or “ATP-binding” dwell. By employing
an experimental setup with increased time resolution, the 120° step
was further found to be divided into 80° and 40° rotational substeps
[53]. The ATP-binding dwell was deduced to be the pause before the
80° substep because the pause length became shorter with increasing
ATP concentration. In contrast, the duration of the pause before the
40° substep was independent of substrate concentration. Because this
dwell time was not dependent upon ATP concentration but was signif-
icantly increased when the slowly hydrolyzing ATP analog, ATPγS
[adenosine 5′-O-(3-thiotriphosphate)], was used as a substrate, it was
hypothesized to correspond to the step of catalysis. The same stepped
rotation was conﬁrmed in experiments with the E. coli enzyme
(Fig. 3) [54].
We have focused mainly on rotational catalysis of the E. coli enzyme,
which has been studied extensively by genetic and biochemical ap-
proaches. Singlemolecule observations ofmutant enzymes that were al-
ready characterized by biochemical approaches have been invaluable for
understanding the rotation mechanism. Furthermore, important ener-
getic information can be obtained for the enzyme because it is amenable
for analysis over the experimentally accessible temperature range of
10 °C–37 °C, which is the physiological temperature for the organism.
3. Rotation mechanism studied at low viscous drag
3.1. Stochastic rotation of F-ATPase
To understand the energetics of the F-ATPase rotational mecha-
nism, the rotation needs to be observed in steady state conditions at
saturating MgATP. Different observation times were made, depending
on the purpose. To obtain the rotation speed, rotation data of several
beads were collected for 0.2 s. Even within this short time, rotation
speeds were variable. Initially, we estimated rates every 10 ms for
each randomly selected bead [49]. The resulting distribution of rota-
tions rates showed stochastic ﬂuctuation of the rates with an average
of ~400 rps for a 60 nm bead. We also determined the rotation rates
based on the time required for a 360° revolution (single revolution
time) [54]. Different from the above method, this analysis included
all rotations of individual beads over 2 s including long pauses
(>0.1 s in duration). The long pauses, which occur once or twice for
a given bead during the 2 s observation, may be due to occupancy
of a catalytic site with MgADP. Similar to the rotation rates, the
distribution of the single revolution times also showed stochasticﬂuctuation. The geometric mean of single revolution times was
2.3 ms, or an average rotation rate (reciprocal of single revolution
time) of ~440 rps. From these analyses of the enzyme rotating at
Vmax rates, we were able to conclude that the ﬂuctuation was an
intrinsic property of the F-ATPase.
During any one 120° catalytic cycle, one site carries out reversible
hydrolysis/synthesis, a different site binds ATP, and another site re-
leases Pi and ADP (Fig. 3). A rotational kinetic model of catalysis is
shown in Fig. 3a [41], and the proposed juxtaposition of the reaction
scheme to the 40° and 80° rotation substeps is shown in Fig. 3b. At
Vmax rates with MgATP at ~60-fold higher concentration than the
Km and using the optical system described above, only 120° rotations
steps separated by short pauses of ~0.2 ms are observed [55]. As de-
scribed above, the short pause corresponds to the step of catalysis.
From pre-steady kinetic analyses of the cooperative catalytic reaction,
the rate limiting step of the cycle was found to occur immediately
after the reversible hydrolysis/synthesis step (k2). The rate limiting
step, referred to as kγ, is likely to occur at the beginning of the 120°
rotation step because Pi release must occur with or after the 40° rota-
tion substep (Fig. 3b) [41]. This conclusion is consistent with the
Binding Change Mechanism because γ subunit rotation is expected
to induce the conformational change of the active site from one that
has tightly bound ADP+Pi (βDP) to one that has low afﬁnity for Pi
and ADP (βE). The ATP-binding dwell is not observable at Vmax be-
cause it is too short to be detected. Thus, during the 120° rotation
step, Pi and ADP release from the site undergoing the transition
from βDP to βE, and ATP binding occurs in the site transitioning
from βE to βTP. Collecting data from many 2 s periods was sufﬁcient
to conﬁdently determine the average duration time of the catalytic
dwell, 0.20±0.03 ms, and the average stepping time for the 120° ro-
tation, 0.57±0.05 ms at 24 °C (Fig. 4a) [55]. These times are in con-
trast to those obtained by Yasuda et al. [53] for the thermophilic
Bacillus PS3 F1. Also at saturating 2 mM ATP, this enzyme has a faster
120° rotation (b0.25 ms) but spends much longer in the catalytic
dwell (~2 ms). The difference may be due to the thermophilic en-
zyme working far below its optimal operating temperature above
80 °C which may more strongly emphasize the rate limiting step oc-
curring during the dwell.
With increasing temperature, the catalytic dwell time and 120°
stepping time become shorter. The reciprocal of the duration of the
catalytic dwell corresponds to the average catalytic rate, and that of
the stepping time corresponds to the speed of the 120° rotation
step. Arrhenius plots of the speed of the 120° step and reciprocal of
the catalytic dwell time were linear over the temperatures tested,
and the slopes were similar to that of the overall rotation reaction.
These data show that the activation energy for the 120° rotation
step and the dwell are similar to each other and to the overall reaction,
thus neither the dwell nor the rotation step dominates the kinetic be-
havior of the overall reaction. These results indicate that the energy
pathway of the F-ATPase is relatively ﬂat and the enzyme proceeds
smoothly through its reaction cycle without getting caught in energy
wells or prior to a large energy barrier. As suggested by Oster and
co-workers, the ﬂat energy landscape is an important requirement in
the high efﬁciency of energy coupling between catalysis and rotation
[55,56]. It avoids the need for energy input at speciﬁc points (catalytic
steps of the rotation cycle) to overcome large transition state energies,
which would be incompatible with the 10 or so proton transport steps.
3.2. Single molecule analyses of the active and inhibited states
During studies on rotation using 2 s data collection time, we often
observe pauses that last several orders of magnitude longer than the
catalytic dwell (Fig. 4a) [54], sometimes longer than 1 s. Rotation
resumes at essentially the same speed as that observed before the
long pauses, which conﬁrms that the paused state is an intrinsic
“inhibited state” and not an inactivation of the enzyme.
Fig. 4. ATP hydrolysis-driven rotation of the γ subunit at Vmax conditions as detected by 60 nm gold beads. a. Time courses of rotation. Rotational behavior of randomly selected
60 nm beads was recorded for 2 s (left) and 16 s (right). The data are from Sekiya et al. [57]. b. Example of γ subunit rotation switching between active and inhibited states. Rotation
of a 60 nm bead was followed in the presence of 4 μM ATP for 12 s (left panel). Active (cyan) and inhibited (red) states are clearly distinguished. The right panel shows plots of the
angular distribution of the bead centroid during active (continuously rotating, cyan) and inhibited (red) states. The angular difference between the ATP-binding dwell and the
inhibited state was 40±0.4°, indicating that the enzyme entered the inhibited state from the catalytic dwell.
Cited from Sekiya et al. [57].
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vation time and highly extended observation times of 16 to 32 s were
required to assess these long-lived pauses [57]. In a 2-s data collection
period, only ~30% of the inhibited state could be monitored because
many beads did not resume rotation by the end of the observation.
On the other hand, we were able to deﬁne >90% of the observed
inhibited states when the data collection period was extended to
16 s (Fig. 4a, compare 2 s and 16 s time courses) [57]. We established
criteria for deﬁning the inhibited state by analyzing the duration of
the pauses. In a 16 s observation time, 99.3% of the pauses were
shorter than 2 ms, which occurred concurrently with the catalytic
dwells (see below). On the other hand, 0.07% of the pauses were longer
than 100 ms. Using a 0.1 s lower limit, we determined that the average
duration time of the inhibited state (0.99±0.13 s) was 5000 times lon-
ger than the average catalytic dwell time. Similarly, >90% of the active
states (continuous rotation) could be captured in a 16 s data collection
windowwith an average duration of 0.90±0.10 s, slightly shorter than
the length of the inhibited state.
We hypothesized that a bead rotating at Vmax would enter the
inhibited state from a dwell, either the catalytic or ATP-binding
dwell. To address this question, we tested rotation with the slowly
hydrolyzing substrate ATPγS, or at an ATP concentration well below
the Km for rotation (Fig. 4b). Rotation with ATPγS caused an increase
in the duration time of the catalytic dwell. This is indicated by thehigher densities of the bead centroids in the dwell positions as seen
by the three distinct peaks separated by 120° in the histogram of
the bead position. The distribution of the centroids during the inhibited
state was at one of the three peaks, which suggested that rotation
paused at the catalytic dwell. In contrast, rotation at lowATP concentra-
tion (4 μM) decreased the ATP binding rate and caused a prolonged
ATP-binding dwell, thus the three peaks of bead centroids correspond
to the ATP waiting. In this case and different from the results with
ATPγS, the peaks of the centroids during the long pauses were at
40±0.4° prior to the ATP-binding dwell (Fig. 4b), again showing
that the long pauses correspond to the catalytic dwell. These results
strongly suggest that the beads enter the inhibited state not from the
ATP-binding dwell, but rather from the catalytic dwell.
3.3. Rotation speed and bulk phase ATPase rate
As stated above, the average rotation speeds estimated from the
rates determined every 10 ms or the time for a 360° revolution
were signiﬁcantly faster than those estimated from the steady state
ATPase activity measured in a bulk phase assay [49,54]. To determine
the cause of this apparent discrepancy, we wanted to reevaluate
ATPase activities and rotation rates, but one cannot assay ATP hydro-
lysis and γ subunit rotation on the same molecule. For the bulk phase
ATPase estimation, ATPase activities are determined for all molecules
Fig. 5. Effects of ε subunit on rotational catalysis. a. Effects of ε subunit on rotation rate.
Rotation of the γ subunit in the presence of ε subunit was followed for 32 s, and rota-
tion rates determined (white bars). Control F1 without ε is shown for comparison
(black bars). b. Effects of ε subunit on the inhibited state. Rotation of the γ subunit in
the presence of the ε subunit was followed for 32 s, average duration times for active
and inhibited states were obtained, and kact and kinh calculated. Results with (white
bars) and without (black bars) ε subunit are shown.
Modiﬁed from Sekiya et al. [57].
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ited states. On the other hand, we cannot follow the rotation of all F1
molecules simultaneously to determine the average rotation rate of
the ensemble of molecules in the bulk phase. What we could do is
to estimate the activity from measuring the rotation of a sufﬁciently
large number of single molecules over sufﬁciently long time periods,
which would be alternating between active and inhibited states. In
this manner, we should be able to determine the overall rotational
behavior so that it is more representative of the activity in bulk
phase solution. For such estimation, we selected 11 beads randomly,
and collected rotation data for 16 s periods regardless of whether
the rotation was stopped in the inhibited state or rotating [57]. The
average total number of rotations observedwere 2627/bead (F1), giving
an average rotation of 164 rps. Assuming that three ATP molecules are
hydrolyzed per 360° revolution and ATPase is obligatory coupled to ro-
tation, we obtain a turnover number of 492 s−1 (164 rps×3), which is
satisfactory close to bulk phase ATPase activity (432±9 s−1; the F1
complexes were depleted of the inhibitory ε subunit to avoid the com-
plication of its modulatory activity; see [57] and below). Similar values
were obtained from analyzing other sets of beads under the same con-
ditions, suggesting that F1 molecules in solution normally alternate be-
tween active and inhibited states similar to single molecule behavior
observed under the same conditions. These analyses indicate that
both active and inhibited states contribute to the overall behavior of
the enzyme and deﬁne the bulk phase ATPase activity.
The reciprocal of the duration time of the inhibited state corre-
sponds to the rate (kact) of the transition from the inhibited to the active
state. Similarly, the reciprocal of the duration of active state gives the
transition rate (kinh) from the active to the inhibited state. The calculated
values of kact and kinh were 1.01±0.13 s−1 and 1.11±0.10 s−1, respec-
tively, which were both substantially slower than the rate of rotation
[57]. The duration of both active and inhibited states became signiﬁcantly
longer with lower assay temperature; the duration at 17 °C was about
three-fold longer than that at 31 °C indicating that both kinh and kact are
affected by temperature. Arrhenius analysis shows that the transitions
from the active to the inhibited state and inhibited to the active state
have a two-fold higher activation energy compared to the steady state
rotational ATPase cycle.
3.4. Effects of ε subunit on rotation
The ε subunit is known as the F1 ATPase inhibitor subunit, but it is
also necessary for attachment of F1 to FO. Similar to wild-type F1, the
ATPase activity of F1 engineered for rotation was inhibited 50% in the
presence of excess ε subunit, whereas ε with cytochrome b562 fused to
its carboxyl terminus was not inhibitory [49]. However, we could not
observe this inhibition on γ subunit rotation using the actin ﬁlament
probe, probably because of the high viscous drag already impeding
the reaction. In contrast, using a 60 nm gold bead probe, we observed
that the ε subunit indeed slowed the rotation rate (Fig. 5a). Analysis
of the substeps showed that the duration of the inhibited state
(decreased kact, Fig. 5b) was signiﬁcantly longer [49,57]. The average
time of the inhibited state was 2.71±0.31 s with bound ε, which was
almost three-fold longer than F1 in the absence of the subunit, whereas
the active state was not signiﬁcantly affected. Thus, ε subunit decreases
kact, but only slightly affects kinh, indicating that ε increases the activa-
tion energy of entering the active state from the inhibited state.
Arrhenius analysis shows that the ε subunit has little effect on the acti-
vation energy from the active to the inhibited state.
4. Toward understanding the mechanism of rotational catalysis
Subunit rotation couples the enzymatic reaction in F1 to proton
transport in the FO. Rotation of the γεc10 complex is driven by confor-
mational changes generated in the β subunits during ATP hydrolysis,
or by the electrochemical proton gradient during ATP synthesis.Mutational studies of γ subunit rotation in its central position in
the α3β3 catalytic ring have provided us with tremendous insight
into the rotational catalytic mechanism.
4.1. β/γ subunit interactions
During ATP synthesis, rotation of the γ subunit directs each catalytic
site to undergo a series of conformation changes through ADP+Pi
binding, synthesis of ATP and the release of ATP. In ATP hydrolysis,
the β subunit conformation changes in response to ATP hydrolysis
which drives γ subunit rotation. An important part of the mechanism
is the interaction of the γ subunit with each of three different β con-
formers, βTP, βDP and βE, as shown by the crystal structures [9]. The
role of γ in energy coupling has been suggested since the early muta-
tional studies [58–66]. We have introduced mutations in the γ subunit
by directed mutagenesis or identiﬁed them from strains defective
in oxidative phosphorylation [8,59]. Complexes with various mutant γ
subunits had reduced catalytic activity and/or energy coupling efﬁciency
between catalysis and proton transport.
One of the most mechanistically revealing mutants was γM23K
where the conserved γMet23 was replaced by Lys (Fig. 6a)
[55,59,64]. γM23K was the ﬁrst ATPase mutant we recognized that
was defective in energy coupling between catalysis and proton trans-
port [59]. Steady state analyses showed that γM23K had a signiﬁcant
effect speciﬁcally on the rate-limiting transition state of both ATP hy-
drolysis and synthesis. Using pre-steady state kinetic analysis, we
showed that the rate limiting step, kγ, occurs between the step of re-
versible hydrolysis/synthesis of ATP and the release of Pi (Fig. 3) [64].
Taking advantage of a rotor-stator, γ-β, cysteine disulﬁde cross-link,
we demonstrated that kγ corresponds to a rotation step [67].
Consistent with the kinetic studies, single molecule analysis of
γM23K found that the catalytic dwell was strongly affected by temper-
ature and had much steeper temperature dependence than wild-type
[55]. The Arrhenius analysis (Fig. 6b) of the reciprocal of the duration
of the catalytic dwell indicated that the γM23Kmutation caused signif-
icantly increased ΔH‡ and TΔS‡ by ~80 kJ/mol over the wild-type. On
the other hand, the mutation had no effect on the activation energy of
the 120° rotation step. The similar effect of the γM23K mutation on
both the kinetic rate limiting step and the duration of the catalytic
Fig. 6. Interactions between β and γ subunit in F1 rotation. a. Interaction between γ subunit Met-23 and the β subunit “DELSEED”motif (β380-386, E. coli numbering). The relative
positions of γMet23 and βGlu381 in the βDELSEED motifs are shown in three β subunit conformers. The distance between the two residues is closest in βDP. b. γMet23 and the
piceatannol binding site in the α3β3γ complex. The asterisks indicate the positions of γMet23 (γ18–35, shaded area) and the piceatannol binding site in γ subunit carboxyl terminal
region (γ269–280). Structure from Bowler et al. [88]. c. Effects on the thermodynmic activation energy by the γMet23K and γM23K/βE381Dmutant F1 complexes. Arrhenius plot of
the reciprocal of the catalytic dwell time for the wild-type (square), γM23K (circle) and γM23K/βE381D (triangle) is shown.
Modiﬁed from Sekiya et al. [55].
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lytic dwell at the initiation of the 120° rotation step [55].
An important feature of the γM23K mutation is that its effect is
function-added. The crystal structures show that γMet23 is at a β-γ
subunit (stator–rotor) interface near the γ subunit contact with the
βDELSEED (βAsp380–βAsp386) motif (Fig. 6). γMet23 is closest to
the interface with the βDP conformer βDELSEED and is furthest from
that of βE (Fig. 6a). The native methionine likely does not contribute
very much to the interaction with the β subunits, but themutant lysine
may create electrostatic interactions with the strongly negative
βDELSEED. This notion is supported by the similar effects of the
γM23R substitution [59] and the lack of effect by neutral or negatively
charged side chains at this position [61]. The effect of γM23K can also
be thought of as a general perturbation of the β/γ interactions because
a large number of second site mutations in both γ and β subunits, many
at a distance from the region around γM23K (Fig. 6b), had the same ef-
fect of reducing the activation energy of the steady state ATP hydrolysis
reaction and restoring efﬁcient energy coupling [58,60,61,65,68]. A spe-
ciﬁc example of the second site suppression of the γM23K effect is
replacing βGlu381 of the βDELSEEDmotif to Asp. As expected, the acti-
vation energy for steady state ATPase activity of the double mutant
γM23K/βE381D is very similar to that of the wild-type [68]. These re-
sults were conﬁrmed by measurement of the temperature dependence
of both the 120° rotation step and the catalytic dwell (Fig. 6c).
Another example of perturbing the rotor–stator interaction is the
effect of the phytopolyphenols piceatannol and quercetin [69]. The
binding site of these drugs is near the γ subunit carboxyl terminus in-
volving γThr273, γGln274, γThr277 and γGlu278, near the interface
with βTP. Inhibitor binding in effect introduces new β/γ interactions
at the carboxyl terminus of the γ subunit. As expected, piceatannol
inhibited rotation by increasing the catalytic dwell time (Sekiya andFutai, in preparation). Interestingly, inhibition by piceatannol and
the γM23K mutation were additive, which was consistent with the
perturbations at two different points of the β/γ interaction.
4.2. The β subunit hinge domain: a key domain in driving rotation
The β subunit hinge domain, βPhe148-βGly186, contains the
P-loop, α-helix-B, a loop and β-sheet-4, and includes the catalytically
important amino acids βLys155 and βThr156 in the P-loop, and
βGlu181, βArg182 in β-sheet-4. β-sheet-4 faces the P-loop forming
a hinge-like structure. In the crystal structures, the conformation of
the hinge domain is dramatically different among the three β subunit
conformers (Fig. 2b) and it is clear that the conformational differences
deﬁne the catalytically active site. In mechanistic models, conforma-
tional changes induced in the hinge domain as a result of ATP hydrolysis
are transmitted at a distance to the βDELSEED motif.
The F-ATPase with replacement of βSer174 in β-sheet-4 with Phe
[54] has a very low ATP synthesis rate and is one of the earliest func-
tion perturbing mutants we isolated [70]. The βS174F F1 has about
10% of the wild-type ATPase activity, and its rotation rate was signif-
icantly slower than wild-type [54]. Consistent with the low ATPase
rate, the duration of the catalytic dwell was about 10 times longer
than that of the wild-type [71]. Mutational analysis suggests that
βIle163 and mutant βPhe174 form a hydrophobic network with
other residues, and stabilize the hinge domain of the nucleotide-
bound conformers βTP and βDP. We calculated the energy values of
residue pairs in the hinge domain such as positions 159–163,
163–174 and 167–174 for the wild type and all the mutants. Because
the hydrophobic network is formed through interactions between the
side chains, the combined energy values of the residue pairs should
represent the strength of the network. As expected, the rotation rate
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bined energy value (Fig. 2c). The results from mutational analyses are
consistent that the hydrophobicity of the hinge domain is important
for the catalytically competent conformation of the hinge domain
(Fig. 2c) [72].
5. The V-ATPase proton pump
5.1. Rotation in the V-ATPases
The V-ATPase is an essential mammalian membrane transporter
that pumps protons into the lumen of a diverse array of organelles
(Fig. 1c). The same enzyme in the plasma membrane of specialized
cells, such as osteoclasts or cancer cells, secretes protons to the outside
and forms an acidic compartment external to the cell. As discussed
above, the V-ATPase structure and mechanism are similar to those of
the F-ATPase [20–22]. The V-ATPase A and B subunits correspond to
F-ATPase β andα subunits, respectively, and the catalytically important
residues in the β subunit are conserved in the A subunit.
The yeast V-ATPase, in particular, has been a focus of structure–
function and regulation studies because of the availability of well de-
veloped genetic and cell biology approaches [73]. This complex has a
subunit organization similar to its mammalian counterparts except
that a subunit c′ and two subunit a isoforms (encoded by the STV1
and VPH1 genes) are found only in yeast, whereas mammals have
no c′ gene but have four subunit a isoform genes, as described
below. Yeast with a defective V-ATPase subunit shows no growth at
neutral pH because they cannot acidify the lumen of organelles, but
they can grow at pH 5 by forming acidic pH gradient across the plasma
and vacuolarmembranes utilizingNH4+ as a protonophore in themedium
[74]. The discovery of theneutral or alkaline sensitive phenotypehas been
critical for genetic studies of the V-ATPase.
The yeast complex has also been amenable to single molecule ap-
proaches to study its rotational mechanism. Because the functional
roles of someof the subunitswere still not understood,wehad to assume
that the V-ATPase G subunit rotated relative to the transmembrane c
subunit. To test this, we introduced a poly-histidine tag on subunit c
and a biotin-binding domain on the G subunit. A ﬂuorescently-tagged
actin ﬁlamentwas connected to the G subunit and the complex immobi-
lized via the poly-His tag on a glass surface. Rotation was consistently
observed in the counter-clockwise direction dependent uponATPhydro-
lysis [24]. V-ATPase-speciﬁc inhibitors including concanamycin A and
nitrate stopped rotation. The rotation rate was much lower (2–5 rps)
than that obtained with the E. coli F-ATPase, possibly due to the viscous
drag of the probe. However, the rate of 60 nm beads attached to the
G subunit was ~100 rps, around 4-fold slower than the F-ATPase, but
20-fold faster than with the actin probe (H. Okamoto and M. Futai,
manuscript in preparation). The slower rotation rate was expected
from bulk phase ATPase measurements. In addition, we also observed
the long pauses of an inhibited state, which was similar to F-ATPase
and may play an important role in the overall behavior of the V-ATPase.
The differences of mammalian V-ATPase from F-ATPase include its
diversity in its cellular localization and make up of subunit isoforms
(Fig. 1c). Six of the 12 subunits have two to four isoforms. The
V-ATPase complexes are ubiquitously found with subunit a isoforms
a1, a2 or a3 in different organelles [75], whereas a complex with the
a4 isoform is speciﬁcally expressed in the kidney intercalated cell [76]
or epididymal clear cells [77]. Similarly, the C, E, and G subunits have
isoforms with different distributions [20–22].
We have identiﬁed two isoforms for the C subunit with C1 being
expressed ubiquitously and C2 speciﬁcally in kidney and lung [78,79].
The C2 isoform shows further diversity (C2-a and C2-b) due to alter-
native mRNA splicing. C2-a is localized in the lamellar bodies of type
II alveolar epithelial cells specialized for the secretion of surfactant
phospholipid, whereas C2-b is found predominantly in the plasma
membrane of the renal intercalated cell [79]. Immuno-precipitationexperiments revealed that the V-ATPase containing both kidney spe-
ciﬁc isoforms (B1, C2-b, G3, d2, a4) and with all ubiquitous isoforms,
including B2, C1, G1, are present in the kidney [79].
Functional differences between complexes are not easy to estab-
lish because different isoforms may be present in the same cells and
are difﬁcult to separate. This difﬁculty may be overcome, at least part-
ly, by expressing combinations of yeast and mammalian subunits in
yeast cells to generate hybrid complexes. Those with mouse C1, C2-a
or C2-b are functional in yeast vacuoles from strains deleted for the
yeast counterpart (Vma5p) [79]. A chimeric yeast V-ATPase with
mouse C2-a or C2-b isoform showed a lower Km for ATP and lower pro-
ton transport activity than that with C1 or Vma5p, suggesting that C
subunit regulates catalysis or proton transport. Rotational studies of
the hybrid complexes should prove especially interesting.
5.2. Role of the E subunit in the coupling of V-ATP activity and VOV1
assembly
The mammalian E subunit has two isoforms: E1, speciﬁc for testis
and the acrosome of spermatozoa; and E2, which is ubiquitously
expressed [80]. Both isoforms form hybrid ATPase complexes with
yeast V-ATPase in strains lacking the yeast counterpart Vma4p that
are biologically functional in yeast at a standard growth temperature
(i.e. 30 °C). Interestingly, the E1-yeast hybrid V-ATPase complex
showed a temperature sensitive property. Unlike the complex with
E2 and Vma4p, the E1-yeast hybrid V-ATPase becomes defective in
coupling between ATPase hydrolysis and proton transport at 37 °C
[81]. Signiﬁcantly, the E1-yeast hybrid V-ATPase was found to form
a coherent complex of the membrane intrinsic and proton transport-
ing VO and the membrane extrinsic and ATP hydrolyzing V1 sectors.
Our results using monoclonal antibodies recognizing speciﬁc epitopes
indicated that the inactivity of the E1-yeast hybrid V-ATPase is most
likely due to a change in conformation that transiently disrupts the
coupling of ATP hydrolysis and proton transport activity. Importantly,
association of the E1-yeast hybrid V-ATPase VOV1 complex at 37 °C
was also dependent on acidic pH and the complex association was
much reduced when the yeast was grown at neutral to basic pH at
37 °C. Analysis of the E1/Vma4p chimeric subunits indicated that
the amino terminal region between Lys26 and Val83 of E1 is respon-
sible for the assembly properties of the E1/yeast hybrid V-ATPase.
The E subunit is an elongated proteinwith a domain in the amino ter-
minal end, a long stretch of coiled alpha helices, that interacts and
forms a heterodimer with the G subunit [22,82,83]. Interaction of
the amino terminal region of the E subunit with the C, H, and G subunits
is important at least for association of these peripheral stalk compo-
nents [84–86]. Therefore, this region is likely critical for energy coupling
as well as the assembly of VOV1 complex.
The V1 sector is known to dissociate from the VO sector, leading to
the increase of vacuolar pH when glucose in the medium is depleted.
Upon addition of glucose, V1 reassociates with VO and proton pump-
ing is restored. This regulation initially described in yeast has now
been observed in higher eukaryotes [87]. Interestingly, the E1/yeast hy-
brid V-ATPase did not dissociate upon glucose depletion, suggesting
that the yeast Vma4p (E subunit) may contain domain(s) or residue(s)
essential for assembly regulation [79] at least at the E1 amino terminal
domain (Lys33–Lys83, amino acid numbering of yeast Vma4p). Thus, a
mutation in the domain may change the properties of Vma4p to those
similar to mammalian E1. To test this question, we replaced a series of
amino acid residues in the amino terminal domain of Vma4p and ana-
lyzed assembly regulation. Yeast V-ATPase with a Vma4p Glu44 to Ala
substitution showed essentially the same properties as the E1/yeast
hybrid V-ATPase, indicating that Glu44 or the adjacent side chains
is pertinent for glucose dependent regulation of V-ATPase assembly
(Okamoto and Futai, manuscript in preparation). In an alignment,
Asp39 of mouse E1 corresponds to yeast Glu44, suggesting that a
subtle change of Glu44 can affect the entire assembly. These studies,
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role of amino acid residue in the amino terminal region of the E subunit
(Vma4p) of yeast V-ATPase.
The approach using hybrid V-ATPases can be extended to other
subunits and especially different isoforms. Furthermore, expressing
the entire mammalian V-ATPase in yeast will be a key project to
study structural biology of this unique proton pump. Studies in this
direction are in progress.
6. Perspectives
We have discussed single molecule analysis of F-ATPase. Studies of
the detailed mechanism have been started as discussed above, focusing
on β/γ subunit interactions and the hinge domain between the P-loop
and βsheet-4, although more studies are required to obtain a complete
understanding of the rotationally coupled mechanism. The stochastic
property of F-ATPase may be extended to enzymes in general.
V-ATPase subunit isoforms may modulate the complex function
relevant to its physiological roles, regulation and mechanism, which
we will continue to address in detail. In particular, the cell biology of
acidic compartments is dependent on the function of the V-ATPase.
The analysis of rotational catalysis of V-ATPase is still at an early
stage, but approaches using hybrid enzymes will likely make impor-
tant contributions to our understanding of the physiology of the
V-ATPase.
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